In human type 1 diabetes (T1D) and in its murine model, the major histocompatibility complex (MHC) class II molecules, human leukocyte antigens (HLA)-DQ and -DR and their murine orthologues, IA and IE, are the major genetic determinants. In this report, we have ranked HLA class II molecule-associated T1D risk in a twosided gradient from very high to very low. Very low risk corresponded to dominant protection from T1D. We predicted the protein structure of DQ by using the published crystal structures of different allotypes of the murine orthologue of DQ, IA. We discovered marked similarities both within, and cross species between T1D protective class II molecules. Likewise, the T1D predisposing molecules showed conserved similarities that contrasted with the shared patterns observed between the protective molecules. We also found striking interisotypic conservation between protective DQ, IA allotypes and protective DR4 subtypes. The data provide evidence for a joint action of the class II peptide-binding pockets P1, P4 and P9 in disease susceptibility and resistance with a main role for P9 in DQ/IA and for P1 and P4 in DR/IE. Overall, these results suggest shared epitope(s) in the target autoantigen(s), and common pathways in human and murine T1D.
INTRODUCTION
Most cases of type 1 diabetes (T1D) result from a T lymphocyte-dependent, selective destruction of the insulinproducing pancreatic β-cells and subsequent irreversible insulin deficiency. The disease is caused by both genetic and environmental factors. The major histocompatibility complex (MHC) human leukocyte antigen (HLA) region on human chromosome 6p21 contains the major disease locus insulin dependent diabetes mellitus 1 (IDDM1) (1) (2) (3) . A large number of case-control and family-based association studies from different populations have indicated that common allelic variants at the class II HLA-DRB1, -DQA1 and -DQB1 loci are primarily and jointly associated with the disease. The three loci act as a complex superlocus, with both haplotype-and genotype-specific effects (4) . Certain HLA-DR3 (DRB1*0301-DQA1-0501-DQB1*0201) and DR4 (DRB1*04-DQA1-0301-DQB1*0302) haplotypes are positively associated with the disease and represent the main predisposing molecules. In contrast, another haplotype, HLA-DR2 (DRB1*1501-DQA1-0102-DQB1*0602), is negatively associated with the disease in all populations.
The generation of the T cell repertoire and its autoimmune potential is controlled directly by HLA class II molecule-mediated editing of thymocyte antigen receptor specificities and affinities for class II-peptide (5-7). Class II molecules also regulate target antigen presentation at the sites of inflammation, as best illustrated by the DQ-regulated anti-gliadin response in coeliac disease (8) . Within the peptide-binding sites of DR and DQ molecules the presence or absence of critical residues has been proposed to play a crucial role in conferring predisposition to, and protection from, the disease (3, 5, 7, (9) (10) (11) (12) . Certain residues, in particular residue 57 of the DQ β chain and its charged/noncharged amino acid dimorphism, correlate well, though not completely, with T1D resistance and susceptibility. However, there is still uncertainty about relative associations of different class II alleles and haplotypes. Namely, whether common lower risk haplotypes such as DRB1*1501-DQB1*0602 are dominantly protective or simply reduced in frequency in cases versus controls owing to the increase in frequency of common susceptibility haplotypes such as DRB1*04-DQB1*0302 and DRB1*0301-DQB1*0201. Furthermore, no one has yet comprehensively applied recently acquired knowledge of the crystal structures of class II molecules in the context of the true relative predisposition of each class II molecule. In the present report we have addressed both these questions, identifying significant correlates not only across allotypes but also across isotypes and species. In mouse models of T1D and immune tolerance, the mechanisms distal to the class II-peptide-T cell receptor (TCR) interaction are being elucidated (13) (14) (15) . Given the striking human-mouse conservation in class II sequence and structure correlates with T1D observed here, we predict conservation of autoantigenic β-cell peptide sequences and downstream mechanisms.
RESULTS

The relative association of DR and DQ
We ranked the three-locus DRB1-DQA1-DQB1 haplotypes into three main groups based on their transmission from parents to affected children (Table 1) : (i) very frequently transmitted, >65% or very high risk (positively associated with T1D); (ii) between 65 and 10% transmitted or intermediate risk; and (iii) never/hardly ever transmitted or very low risk (highly negatively associated).
By analysis of the relative association of the three-locus haplotypes using the transmission disequilibrium test (TDT) Table 1 . Association analysis of the HLA-DRB1-DQA1-DQB1 haplotypes in a mixed data set of 712 T1D families from UK, USA and Sardinia a
The PW-TDT P-values as well as the ORT were calculated with pair wise comparisons using DRB1*01-DQA1*0101-DQB1*0501 as the reference haplotype (bold type). See Methods regarding the choice of the reference haplotype. T, transmitted to affected children using the TDT; NT, not transmitted to affected children using the TDT. a Only transmissions from at least 15 informative meioses in the total data set are considered in this Table.   Sardinian  UK  USA  Total  95% CI   T1D risk  DRB1 DQA1 DQB1 T  NT  T  NT  T  NT  T  NT and pairwise-TDT (PW-TDT) ( Table 1) we can see which alleles constitute the contributions of the class II loci to disease association. A large part of the DQB1 association, independent of DRB1 and DQA1, is accounted for by the DQB1*0301/ *0302 split of the DR4 haplotypes. The two most predisposing haplotypes, DRB1*0405-DQA1*0301-DQB1*0302 and DRB1*0401-DQA1*0301-DQB1*0302 [odds ratios for transmissions (ORTs) = 10.8 and 7.2, respectively], are reduced to an intermediate risk status by having the DQB1*0301 allele present rather than the DQB1*0302 allele (ORTs = 0.4 and 0.8, respectively). As expected in these European populations there are no informative splits of the HLA-DRB1-DQB1 haplotypes defined by DQA1 alleles. Hence, this sample set does not provide power to evaluate the individual contribution of DQA1.
The genetic contribution of the DRB1 locus is largely accounted for in these samples by the DR4 subtypes, in particular, by one allele, DRB1*0403. Because DRB1*0403 is relatively common in the Sardinian population, we were able to show here that it significantly reduces the very high risk of DQB1*0302 to an intermediate risk (Table 1 ; ORT = 0.5). The DR4 subtypes DRB1*0405 and DRB1*0401 were transmitted 18.6 and 18 times, respectively, more than the DRB1*0403 subtype on the same DQA1*03-DQB1*0302 background haplotype (Table 2 : P = 5.2 × 10 -8 and 1.7 × 10 -9 ). Also, the DRB1*0404 and DRB1*0402 subtypes were transmitted 9.1 and 7.2 times, respectively, more than DRB1*0403 (Table 2 : P = 5.4 × 10 -5 and 5.3 × 10 -3 ).
Genotype analysis
The analysis of transmission of alleles from one parent individually to a diabetic child as in Table 1 does not take into account the allele transmitted from the other parent, which together form the genotype of the offspring. Genotype-dependent effects are highly significant in T1D (4) . In general, the presence of only one never/hardly ever transmitted haplotype results in a genotype that is neutrally or negatively associated with T1D (Table 3 and unpublished data). More specifically, genotypes positive for haplotypes such as DR2 are negatively associated with the disease, no matter what the other haplotype is (Table 3 ). Other haplotypes, such as DR5 or DR7-DQB1*0201, which by transmission analysis conferred less protection than DR2 (Table 1) , generated genotypes that are only negatively associated with disease in the absence of the predisposing DR4-DQB1*0302 haplotype (Table 3) . Both DR5 and DR7 are neutrally associated with T1D when a highly predisposing DR4-DQB1*0302 haplotype is present on the other chromosome. DR5 and DR7 haplotypes, therefore, reduce the risk of DR4-DQB1*0302 but not as much as DR2.
Structural comparisons of DQ and IA
At the time of this analysis the crystal structure of a DQ molecule was not published. However, in a straightforward alignment of the orthologous murine IA sequences, for which the crystal structures of three allotypes are known (IA k , IA d , IA g7 ) (16) (17) (18) (19) , we were able to predict the structures of the P1, P4, P6 and P9 peptide-binding pockets of the various predisposing and protective DQ molecules (Fig. 1) .
We first considered the peptide-binding pockets of the murine IA g7 , which is carried by the non-obese diabetes (NOD) mouse model of T1D, and of the two main DQ predisposing molecules observed in humans: DQ (α1*0301, β1*0302) and DQ (α1*0501, β1*0201), respectively (Table 4) . Overall, IA g7 and DQ (α1*0301, β1*0302) have very similar pocket structures, with the exception of P1. P1 of IA g7 has a broad specificity for amino acids in peptide ligands with a general preference for hydrophobic and basic residues while disfavouring acidic residues (18, 19) . P1 of DQ (α1*0301, β1*0302) has several positive charges (Hisα 24 , Argα 52 , Argα 53 ) predicting a high affinity for acid residues, although all other non-positively charged residues might be accepted. P1 of DQ (α1*0501, β1*0201) might have a preference for hydrophobic residues although it might also bind negatively charged amino acids as well.
Note that the DQα chain Arg52 residue, proposed previously as primary risk factor (20) , corresponds in the predicted peptide-binding motifs reported in Figure 1B to position 49, which is located outside any peptide binding pockets. As such, this position is unlikely to be a primary aetiological amino acid variant in T1D.
DQ (α1*0301, β1*0302) and IA g7 show remarkable similarities in P4. At P4, these predisposing molecules could accommodate with high affinity, medium to large sized hydrophobic or non-charged residues (such as Ala, Val, Leu, Ile, Phe, Ser, Thr, Tyr). This class of amino acids might also be accepted at P4 of DQ (α1*0501, β1*0201) although acid residues (Asp, Glu) are preferred (21) . At P6, the three predisposing molecules may bind preferentially medium sized hydrophobic or polar residues (Ala, Val, Thr, Asn), but acid residues (Asp, Glu) could also be accepted (21, 22) . The three predisposing molecules are similar in P9, which overall appears slightly more capacious than in the protective molecules (see below). DQ (α1*0501, β1*0201) might have an even larger P9 because it carries an Ile instead of the usual Tyr at position β37, which in the X-ray structure of the IA k allotype seems to play a role in the steric configuration of P9 (16) . In P9, all the predisposing molecules might show a preference for acidic residues (Asp, Glu) although they could bind with lower affinity also medium to large sized hydrophobic residues. The lack of Asp at position β57 is the key feature in determining the specificity of this pocket (18, 19, 23) . Also residues flanking β57 might contribute to the overall conformation of P9 and hence to Table 2 . Conditional analysis of the DRB1*04 subtypes on fixed DQA1*0301-DQB1*0302 haplotypes P-HM-TDT-values and ORTs value have been calculated with pairwise comparisons using DRB1*0403-DQA1*0301-DQB1*0302 as the reference haplotype (bold type). T, transmitted to affected children using the TDT; NT, not transmitted to affected children using the TDT. peptide binding and T1D susceptibility. For instance, it has been proposed that a replacement of Pro with His at position β56 further contributes to T1D in the NOD mouse (24) . Similarly, in the human DQβ1*0402 allele the presence of a Leu, instead of the usual Pro at position β56, could alter the conformation of P9, thus explaining why this allotype has an intermediate TID risk (Table 1 ) despite the presence of Asp at position β57.
DRB1 DQA1 DQB1
We next considered the peptide-binding pockets of the diabetes protective murine IA b molecule and of the very low risk human DQ (α1*0501, β1*0301) and DQ (α1*0102, β1*0602) molecules (Table 5) . These three molecules also show several similarities in their predicted peptide motif specificities. P1 is relatively deep and could accommodate medium to large sized hydrophobic residues with high affinity. Acidic residues, but not basic residues, could be also accepted in P1. IA b and DQ (α1*0501, β1*0301) are very similar in P4, which could bind, with high affinity, small hydrophobic residues (Gly, Ala). Medium-sized hydrophobic or non-charged residues (such as Val, Leu, Ile, Ser, Thr, Tyr) are also accepted in the slightly more capacious P4 of DQ (α1*0102, β1*0602).
Note that the Leuβ 26 →Tyrβ 26 polymorphism is the critical polymorphism, making the P4 pocket of IA b and DQ (α1*0501, β1*0301) smaller. These three protective molecules are also very similar in P6 where they would bind with high affinity small to medium sized hydrophobic residues. However, contrasting the structure of the predisposing (Table 4 ) and the protective molecules (Table 5) , no obvious correlation was observed between the physical properties of P6 and the degree of T1D susceptibility or protection. Finally, the three protective molecules are also very similar in P9. It is likely that in this position all the protective molecules bind preferentially medium sized, non-charged residues such as Ser or Ala but also Gly, Thr, Gln. DQ Aspβ 57 is the critical residue in P9. Its carboxylate group forms a salt bridge with Argα 76 that stabilizes the heterodimer and determines the affinity of the peptide binding.
Taken together, these data suggest that the predisposing molecules, in particular the human DQ (α1*0301, β1*0302) and the mouse IA g7 , are very similar in their active site and in their predicted peptide binding properties. Structurally, these T1D predisposing pockets are very different from those of the protective DQ molecules, which in turn are very similar to each other. This similarity is most striking for the trans-species pair, human DQ (α1*0501, β1*0301) and mouse IA b .
We next investigated how the overall size of P1, P4 and P9, resulting from the summation of the mass of the individual constituents, correlates with the disease risk in a larger number of DQ molecules (Table 6) . A common trend is apparent: while the sum of the net mass of the amino acids forming P1 of the very low/intermediate risk allotypes tends to be smaller than those of the high risk molecules, the sum of the net mass of the amino acids forming P9 of the very low/intermediate risk allotypes tends to be larger than those of the high risk molecules. Consequently, P1 and P9 of the very low/intermediate risk molecules will be more capacious and shallower, respectively, than those of the high risk allotypes. It should be noted that in P4 the protective mouse IA b and the human DQ (α1*0501, β1*0301), DQ (α1*0301, β1*0301) molecules have a shallow pocket, which would predict a higher affinity for small residues. Overall, the best correlation between size of the pocket and disease risk is observed in P9.
DR4 subtypes
Analysis of the DR4 subtypes provides the most informative approach to pinpoint which DR β chain residues could have a role in T1D predisposition and protection. Indeed, DR4 subtypes aside, we failed to find any structural motif shared between alleles present on very high/intermediate risk haplotypes and differentiating them from alleles on very low risk haplotypes. The combined presence of Asp, Glu and Val at positions 57 (P9), 74 (P4) and 86 (P1), respectively, differentiate the intermediate risk DRβ1*0403 from the very high risk DRβ1*0405, carrying at the same positions, Ser, Ala and Gly (Fig. 1C) . Position β74 is a key determinant of the binding of the peptide in P4. It is predicted that in this position the protective DRβ1*0403 cannot bind negatively charged residues with high affinity. In contrast, the P4 of the permissive DRβ1*0401 allotype will bind optimally Asp residue (Asp in P4 was indeed found in the X-ray crystal structure of a DRβ1*0401 molecule complexed with a collagen peptide) (25) . It is predicted that also the predisposing DRB1*0405 would bind with high affinity Asp in P4.
Polymorphisms in DRβ86 (P1) are also important to explain the different degree of disease association of different DR4 subtypes. The Gly/Val dimorphism at DRβ86 influences side chain specificity at P1. In the P1 of DRβ1*0403 the presence of Val at β86 would create a preference for small to medium sized hydrophobic residues. In the same position, the smaller side chain of Gly in the permissive DRβ1*0405 and DRB1*0401 molecules allows the high affinity binding of large aromatic side chains. Experimental evidence indicates that substitutions of DRβ86 in the DRβ1*0401 allele modiy peptide binding and affect T cell recognition (26) .
These predictions are consistent with experimental data from the mouse. IE g7 , which is protective when expressed in Eα transgenic mice (27) , carries Phe, which is large and non-polar, at position β86. Interestingly, another mouse allotype, IE k , which was able to confer some degree of protection in a transgenic mouse model (13) carries Glu at position 74, and a large residue (Phe) at position β86 in a manner reminiscent of the human DRβ1*0403 protective allele.
Taken together these data suggest that different degrees of association with T1D of different DR4 subtypes correlate well with differences in physical properties of key residues in P1 (position β86) and P4 (position β74). In turn, these structural features most likely reflect differences in peptide binding. Importantly, from the predicted structure of the DR (α1*0101, β*0403) heterodimer it is evident that this protective molecule is structurally similar to the IA b and DQ (α1*0501, β1*0301) protective molecules ( Table 7 ). Note that for the inter-isotypic comparison shown in Table 6 the alignment has been performed using the X-ray structure of the IA molecules. However, similar results were also obtained aligning the molecules based on the known X-ray structure of the DRβ1*0401 subtype (data not shown). (30) have been accumulating large, homogenous family and case-control data sets and carrying out HLA typing in order to more reliably analyse the association of HLA with T1D. In 1987 it was recognized that the DQβ 57 residue correlated with susceptibility and resistance to T1D, the first 'single nucleotide polymorphism' identified in a common, multifactorial disease (9). In the same year, the HLA class I A2 allotype crystal structure predicted the central structural role of β57 in the peptidebinding site (31) . However, the DQβ 57 correlation was not complete (32) , and a role for DR was also indicated (33) , and confirmed (29, 34, 35) . We have now brought together the available HLA typing data, combining this genetic analysis with the class II crystal structures solved over recent years, permitting a 'second generation' analysis of the correlation of the genetic association of T1D with the structure.
DISCUSSION
We have demonstrated that haplotypes that are never or hardly ever transmitted to T1D children are dominantly protective. We grouped DQ and DR (that is the DRB1*04 subtypes) Table 3 . Distribution of (DR2) DRB1*1501-DQB1*0602, (DR5) DRB1*11-12-DQB1*0301 and (DR7) DRB1*0701-DQB1*0201 positive genotypes in the Sardinian, UK and USA patients and controls a a In the UK/USA sample set we considered expected control genotype frequencies evaluated on the basis of the AFBAC haplotype frequencies using HardyWeinberg expectations on the assumption of sample size of 325 which is equal to half of the observed AFBAC haplotypes. b Odds ratio and P-values have been calculated on the total data set comparing patients versus the control genotypes. c DRB1*04-DQB1*0302 represents the sum of DRB1*0401-DQB1*0302, DRB1*0405-DQB1*0302, DRB1*0404-DQB1*0302 and DRB1*0402-DQB1*0302 haplotypes. d X represents non-DR3 or DR4-DQB1*0302 haplotypes. The association of these class II molecules with T1D is the joint result of the structure and the action of the peptide-binding pockets, P1, P4 and P9. Most strikingly, protective molecules IA b , DR (α1*0101, β*0403) and DQ (α1*0501, β1*0301) showed significant similarities, particularly in P4 and P9. After completion of this analysis, the crystal structure of the DQ (α1*0301, β1*0302) molecule (HLA-DQ8) was reported (36) . The results confirm our predictions of the DQ protein structure and suggest, as we have proposed here, that humans and NOD mice share similar peptide-presentation event(s) in T1D and that other features of the P9 pocket in addition to β 57 play a role in T1D. This conservation of structure indicates that not only is it likely that similar peptides are involved in T1D etiology in mice and humans but also that the mechanisms distal to class II-peptide-TCR interaction are shared. Owing to the difficulty of studying mechanisms in the immune system in humans, particularly in the generation and maintenance of tolerance, murine model systems have been developed and provided the first insights into these distal mechanisms. In murine models of T1D, low risk class II allotypes have been shown experimentally to be dominantly protective (13, 14, 24, 27) . The NOD mouse possesses, in homozygosity, a unique MHC class II haplotype (H2 g7 ) (37, 38) . This haplotype carries a null IEa gene (IE is the murine orthologue of DR), and encodes the IA (IA is the murine orthologue of DQ) β chain, IA g7 , carrying Ser at position 57 instead of the more common Asp. Studies of congenic NOD mice expressing non-NOD MHC haplotypes, and of NOD mice expressing IEα d , modified IAβ g7 , IAα k /IAβ k or IAβ d transgenes, have proved that both isotypes of class II molecules are directly involved in disease predisposition and protection (27, (39) (40) (41) (42) . Moreover, some TCR transgenic mice models have been developed to study the mechanisms underlying disease resistance. Depending on the TCR studied, the protective effect of MHC class II allotypes such as IA b , is due to negative selection of the diabetogenic TCR in the thymus (13) . The requirement of homozygous MHC class II expression in susceptibility to T1D in NOD mice is not simply dependent on the expression of a minimum number of predisposing IA g7 class II molecules on the cell surface (14) . Other peptide-TCR combinations are involved in the class II-mediated generation of protective T regulatory cells with no evidence for deletion (15, 43) . Several mechanisms, therefore, are responsible for the generation of self-tolerance in the thymus, and perhaps also in the periphery (44) , all of which depend on the structure of the class II peptide binding site.
Taken together, these results indicate that negative selection processes in the thymus, mediated by high affinity class II-peptide interactions, account in part for the dominant protection against Charge = -+ + + = = -+ + = = = + = = = P4 β11 β13 β26 β28 β74 β78 α9 α9a α62 Total β11 β13 β26 β28 β74 β78 α9 α9a α62 Total β11 β13 β26 β28 β74 β78 α9 α9a α62 Total Amino acid 
P6 β9 β11 β30 β37 α11 α62 α65 α66 α69 Total β9 β11 β30 β37 α11 α62 α65 α66 α69 Total β9 β11 β30 β37 α11 α62 α65 α66 α69 Total , DR (α1*0101, β*0403) than in those individuals carrying very high risk alleles such as IA g7 , DQ (α1*0301, β1*0302) or DQ (α1*0501, β1*0201). This model is not exclusive of other possible effects of class II structure on T1D predisposition, such as an overall instability of the high risk DQ and IA g7 molecules owing to the absence of β Asp57 and promiscuous peptide binding (18, 45) . As highlighted by many studies, the affinity of the class IIpeptide interaction is only one of many factors in the role of the thymus in ensuring unresponsiveness to the host's own tissues. The overall avidity of the interaction involves several accessory molecules such as CD80, CD86, CD54, CTLA-4 and CD28. The levels of these molecules, the class II molecules and the autoantigenic peptides themselves in the thymus [and in the periphery (44)] will together determine the predisposition of an individual to T1D. Results from Hanahan et al. (46) and Jordan et al. (15) illustrate the importance of the level of autoantigen in the thymus. In particular, genetic analyses and expression of the insulin gene (INS) in humans has shown that promoter variants of INS (the IDDM2 locus on chromosome 11p15), which are known to be protective for T1D, cause higher levels of preoproinsulin (PPI) expression in the thymus (47, 48) . By analogy with results from murine systems (15, 46) , the protection provided by certain INS alleles may be via increased thymic tolerance owing to higher levels of autoantigen affecting the degree of negative selection or selection of T regulatory cells to key peptides from PPI. This model provides a direct link between the IDDM1/HLA class II locus and the IDDM2/INS promoter locus in T1D etiology. Insulin and its precursors are certainly among the most favoured candidates for the primary autoantigens in T1D. Our molecular modelling data suggest that the following epitopes from PPI (defined by the anchor positions from P1 to P9) might bind the main protective class II molecules with high affinity, triggering immune tolerance and non-responsiveness: LVEALYLVC (35-43 PPI), LQVGQVELG (61-69 PPI), VELGGGPGA (66-74 PPI), LGGGPGAGS (68-76 PPI), QKRGIVEQC (87-95 PPI). Note that the PPI peptides 35-43 overlap the β chain 9-23 (33-47 PPI) immunodominant epitope, which has been associated with diabetogenic T cell specificities in many studies (49) (50) (51) . Moreover, another epitope LPLLALLAL (8-16 PPI) located in the peptide leader sequence, could bind with high affinity to the protective DQB1*0602-DQA1*0102 molecule.
The protective activity of class II molecules in T1D via presentation of critical autoantigens in the thymus is only one feature of the mechanisms underlying the association of HLA with T1D. Previous studies have attempted to analyse the association of the various HLA class II haplotypes with the human T1D after removing the main predisposing DR3/DR4 alleles (52) . In this sub-group of patients, the intermediate risk Table 5 . Comparison of DQ/IA allotypes conferring protection from T1D in humans and mouse Amino acid position, composition, mass, pKa and charge are shown for the individual constituents of pockets 1, 4, 6 and 9. The total mass and the sum of PKa of the residues forming each pocket are shown in bold type. Charge = -
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alleles were apparently the most predisposing. These analyses, while confirming the continuum of association from the most to the least predisposing molecules, which we observed in the present study, mirror what happens in populations such as the Japanese, in which the highly predisposing European haplotypes are absent and the disease is extremely rare. Haplotypes that appear predisposing in Asian populations provide only intermediate risk in European populations, consistent with the overall risk they bestow in Asian populations (5, 53) . Importantly, these data suggest that an HLA class II antigenpresenting molecule is a necessary factor for disease occurrence. This molecule is most likely encoded by the alleles most positively associated with the disease but in their absence other molecules, with a lower probability, can invoke the same response, consistent with a continuum of risk, not an all-ornone association. Indeed, the risk of developing the disease will be different in the different HLA categories, as the disease prevalence is different in diverse populations. Hence, the continuum of risk from very high to very low reflects at least two HLA class II mechanisms in T1D, active protection and active predisposition (54) . The latter most likely reflects active autoantigen presentation in the pancreas and its draining lymph nodes by the predisposing molecules as a key step in the initiation and maintenance of the inflammation in the target organ. The genetic evidence, therefore, supports a mixed model for the mechanisms of HLA class II molecules in T1D encompassing many of the features of past models: a thymic tolerance model (5, 12) and a peripheral antigen presentation model (10) . Moreover, the genetics of HLA and T1D is even more complex than described here, with unexplained genotype effects such as the synergistic effect of DR3/4 heterozygosity in many, but not all populations, and the loss of the protective effect of DQB1*0301 in DR1/4 heterozygous individuals (4 and unpublished data). These genotype/trans effects in the formation of variable levels of certain DQ heterodimers could create or reduce peptide binding specificities and/or change the number of active molecules on the cell surface, both of which could influence class II molecule-mediated signals to T cells.
Further experiments, including peptide-binding measurements to molecules encoded in cis and trans by different class II alleles, and characterization of T cell responses to peptides early in the etiology of T1D, are required to substantiate the proposed model and clarify the sequence of molecular events that ultimately results in destruction of the pancreatic β-cells.
MATERIALS AND METHODS
Subjects
The family data set consisted of 255 (Sardinian), 277 (UK) and 180 (USA) T1D families (total no. of affected families = 712 and total no. of affected children = 1181; 267 from Sardinia, 554 from the UK and 360 from the USA). We have also considered 345 additional Sardinian sporadic patients (total no. of independent Sardinian patients = 600). 120 of the Sardinian sporadic patients have already been reported in a previous study (29) . The average age at disease onset of the UK patients (probands) analysed in this study was 8.6 years, SD ± 6.1 years (minimum age = 6 months; maximum age = 26 years). The average age of patients from the USA was 9.3, SD ± 6.0 years (minimum age = 1 year; maximum age = 25 years). The average age of the Sardinian patients was 8.3 years SD ± 4.7 (minimum age = 10 months; maximum age = 23 years). All the UK families were part of the Diabetes UK (formerly the British Diabetic Association) Warren I Repository (28) . The 180 USA multiplex families were from the Human Biological Data Interchange (HBDI) (30) . These USA families overlap with those previously studied by Noble et al. (4) . 
HLA typing
The Sardinian sample set was typed through PCR amplification of the polymorphic second exon of the HLA-DRB1, -DQA1, -DQB1 genes and dot blot analysis of amplified DNA with sequence specific oligonucleotide (SSO) probes (55) (56) (57) (58) . DR4-specific amplification and SSO probe hybridization for the various DRB1*04 alleles were performed in the DR4 positive individuals (59) . Typing data for the 180 USA families were obtained from the HBDI, from which DNA samples from family members were purchased. The 277 UK families were typed for the DRB1, DQB1 loci using a combination of serological and PCR-SSP methods by the Transplantation Unit in Oxford (60) . In the UK, the DQA1 alleles were inferred based on the established linkage disequilibrium patterns with the DQB1 and DRB1 loci.
Statistical analyses
The association of the individual DRB1-DQA1-DQB1 haplotypes with T1D, was evaluated using the TDT (61) . We also performed a hierarchical analysis of the association of haplotypes with the disease, around an arbitrarily chosen reference haplotype, the PW-TDT. When more than one haplotype is associated to a disease, the association of a test haplotype might be influenced by the other associated haplotypes. To minimize this problem and to provide a more accurate estimate of the strength of the association, and thus of the relative risk for disease, the test haplotype is analysed relative to a reference haplotype. The reference haplotype has been selected to be relatively frequent and similarly distributed in the populations considered. Moreover, we selected the reference haplotype to be not among the haplotypes in the very high or very low risk categories. Specifically, in the pairwise comparison of haplotypes, PW-TDT, the transmission and non-transmission counts for the test (A) and the reference (B) haplotypes are evaluated by TDT and the resulting data points deriving from the A/X and B/X parental meioses (where X is non-A, non-B) are arranged in a 2 × 2 contingency Table and tested by Fisher's exact or Pearson's χ 2 test. To maintain independence of these data we excluded parents having both the alleles or haplotypes being considered (e.g. A/B), but the transmission data for those parents have been analysed by standard TDT and the statistic added to that of the 2 × 2 Table to give an overall χ 2 test with 2 d.f. (62) . The heterogeneity in transmission between the two haplotypes can be quantified by the ORTs. The transmission data from the individual parents carrying both the haplotypes being compared have been also discarded in computing the ORTs. Haplotypes were established following the co-segregation of alleles within families using computer program TDTPHASE written by F.Dudbridge and available through http://www-gene.cimr.cam.ac.uk/tdt/. Only haplotypes certain from parental genotype data, and in the absence of inter-crosses (that is when both parents are heterozygous for the same alleles), are considered in the analyses shown in this paper. Only probands from families with more than one affected sibling were evaluated. When the two compared haplotypes are identical at one locus (variant A) but different at another closely linked locus (variant B), the PW-TDT could be used as a conditional/stratification test, namely to assess whether there is heterogeneity in the transmission of variant B conditional on variant A. In this case we refer to the method as the haplotype method-TDT (HM-TDT) (62, 63) .
The TDT does not take into account the transmission (or the lack of transmission) of a haplotype from one parent relative to the haplotype transmitted from the other parent, that is genotype effects. Therefore, we carried out a case-control study in the homogeneous population of Sardinia, for which we have previously shown that the issue of genetic mismatching of the cases and controls is not a problem (64) . In the UK/USA data set we used the AFBAC method assuming Hardy-Weinberg equilibrium (4, 65) . Note that in the Sardinian sets, the AFBAC genotype frequencies calculated from the families were virtually identical to those from 617 new-borns (not shown). The frequencies of the HLA class II genotypes obtained in patients and those observed in controls, were compared using a 2 × 2 χ 2 test, or the Fisher exact test.
Protein analyses
We confined the structural analyses to the amino acid sequences encoded by the second exons of DQ and DR alleles with a clear association with the disease. These human sequences and the mouse orthologues were aligned. Determination of the residues forming the peptide binding pockets was performed based on molecules having a known X-ray crystal structure (DRB1*0401 and IE k for DR/IE and IA k , IA d and IA g7 for DQ/ IA) (16) (17) (18) (19) 25, 66) . This analysis was facilitated by the high homology between the different class II alleles observed even in distantly related species. The physical properties, mass, polarity and charge of the amino acids in the peptide-binding pockets were tabulated and the optimal peptide motifs were predicted.
